Iron deficiency in dwarf bean (Phaseolus vulgaris L.) induces an increased activity of a system in the rhizodermal cells, which reduces extracellular ferric salts, and an active proton efflux from the roots, which is coupled to accumulation of citrate and malate in the roots and subsequent export of these compounds in the xylem. During reduction of extracellular ferricyanide by Fe-deficient plants, the stoichiometry of electron transport to proton efflux is 2eI/lH+, and citrate and malate levels in the roots are strongly decreased. Reduction of ferricyanide by Fesufficient plants has no influence on root and shoot levels of citrate and malate, but in such plants the process is characterized by a eI/H+ efflux stoichiometry close to unity. Apparently, organic acid metabolism and transport are closely associated with the e-/H+ efflux ratio. To assess the significance of organic acid metabolism as one of the direct intracellular components of the induced unbalanced e-/H+ efflux by roots, we studied NO3-reduction in shoots and roots of Fe-deficient and Fe-sufficient plants. Nitrate reductase activity in the roots was positively correlated with the level of citrate and malate, whereas the enzyme activity in the leaves responded positively to the import of these organic acid anions.
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Plants may develop different mechanisms of overcoming periods of Fe shortage during growth (24) . Dicotyledons and nongrass monocotyledons induce a chain of metabolic reactions in response to Fe deficiency: (a) a high induced ferric reduction capacity at the root surface by transmembrane electron transfer (9, 29) from cytosolic NADPH (30) to extracellular ferric chelates; (b) active proton extrusion from the roots resulting in acidification of the growth medium (25, 34) ; and (c) de novo synthesis of organic acid anions, especially citrate and malate, in the roots (12, 19, 20) and subsequent xylem transport of these compounds (7, 12) resulting in accumulation in the leaves (12) . The above processes are currently thought to be interrelated as follows. Citrate and malate accumulation in the roots of Fedeficient dicotyledons is not caused by lack of Fe-containing aconitase (12) as was formerly believed (1) but is coupled to proton extrusion activity (12, 20) . It has been suggested that Fe deficiency causes primarily an increase of the production of citric acid through increased glycolysis rates and subsequent carboxylation of phosphoenolpyruvate (12) . Malate synthesis in the roots may be a response of the biochemical pH stat to cellular alkalinization (11) upon proton excretion rather than a direct and specific response to Fe deficiency. Citrate, through mitochondrial aconitase and cytosolic NADP-dependent isocitrate dehydrogenase, may increase the level of cytosolic NADPH (22) and may thus provide the electrons for the induced ferric chelate reduction capacity and for the protons to be effluxed (28) . Oxidative decarboxylation of malate also yields NADPH, but the activity of malic enzyme is strongly depressed at cytosolic NADPH concentrations where isocitrate dehydrogenase is still active (22) .
Sijmons et al. (31) showed that in Fe-deficient bean roots transfer of electrons from the cytosol to extracellular ferricyanide caused a rapid membrane depolarization, and they provided evidence for an unbalanced twofold excretion of electrons relative to protons (e-/H+ efflux ratio of 2). In roots of grasses and of Fe-sufficient dicotyledons the plasma membranes contain, moreover, a constitutive electron transport chain. The only known extracellular acceptor for this 'standard' (3) reductase system is ferricyanide, and the reported e -/H + efflux ratios are 1 or higher (4, 14, 21, 26) . Thus, with Fe-sufficient and Fe-deficient bean plants, e-/H+ efflux ratios less than 1, equal to 1, and more than 1 may be obtained. The purpose of this work was to study the consequences of balanced and unbalanced e-/H+ efflux on organic acid metabolism and transport.
We also investigated NO3-reduction under conditions of different e-IH+ efflux ratios by Fe-deficient and Fe-sufficient bean plants. Nitrate reduction results in initial production of hydroxyl ions (13) and subsequently stimulates the synthesis of organic acid anions (18, 33 Collection of Samples and Chemical Analysis. At t = 21 h, three plants from each treatment group, including controls, were decapitated just below the marks of the cotyledons, and closely fitting pieces of plastic tubing were put on the stumps. Xylem exudates were collected continuously during the subsequent 2 h.
Subsamples were stored at -20°C immediately after sampling.
The saps were analyzed for citrate and malate according to enzymic procedures with commercial kits (Boehringer-Mannheim GmbH) and for NO3-and total N as previously described (33) .
Between t = 21 and t = 23 h, three plants from each treatment group, including controls, were taken for in vivo NRA assays in leaf blades, stems, and roots, immediately after determination of fresh weights of individual plant parts. The enzyme activity was measured according to Breteler et al. (6) since their method gave results in agreement with the rate of in situ reduction in dwarf bean (5) . At t = 23 h the remaining plants were harvested and the pH in each of the nutrient solutions was measured. Roots and leaf blades from individual plants were ground in a mortar and pestle with liquid N2 and lyophilized. Dry weights were then recorded and tissue citrate and malate contents were determined enzymically after sample preparation as described before (12) . RESULTS External Acidification and Tissue Citrate and Malate. Irondeficient plants had higher citrate and malate concentrations in the roots and a higher citrate concentration in the leaves than Fe-sufficient controls (Table I) . Addition of Zn2t + Mn2 + produced a lag-phase type of pH decrease (cf. Ref. 12), resulting in a nutrient solution pH of about 3.4 within 23 h and a further increase of the citrate and malate levels in both roots and leaves.
Addition of Zn2t + Mn2+ had no effect on citrate and malate levels in Fe-sufficient controls (12) . When Fe-deficient plants were allowed to reduce extracellular ferricyanide (7. (Table I) .
Xylary Citrate and Malate. Citrate and malate concentrations in the xylem exudates from Fe-sufficient plants were very low (Table II) , which is a widely observed phenomenon for NO3.-fed plants that take up an excess of nutrient anions over cations (32) . In Fe-deficient plants that did not excrete protons (Table   I ), no substantial long-distance transport of citrate and malate occurred (Table II) . When Fe-deficient plants were induced to exrete protons by Zn2+ + Mn2+ addition, xylem transport of citrate and malate was drastically enhanced. On the other hand. when external acidification formed part of an operative ferricreducing system, xylem transport of citrate and malate was again very low and of the order of that in nontreated plants (Table  II) .
Nitrate Reduction. The distribution of NO3 reduction in the plants was estimated by two independent methods: (a) determination of in vivo NRA in the various plant parts, and (b) analysis of the xylem bleeding sap for inorganic and total N. Results from both methods are summarized in Table III .
Method a. In Fe-sufficient plants, NRA in each of the organs was not affected after ferricyanide reduction. The roots accounted for about 30% of the total NO3-reduction in the whole plant. In Fe-deficient plants, the roots showed a nearly twofold higher enzyme activity in comparison with Fe-sufficient controls, expressed on a FW basis. During external acidification, induced by Zn2+ + Mn2t, the high NRA in the roots was maintained, but this treatment also resulted in a higher NRA in the leaves. Mere acidification did not significantly affect the enzyme activity in terms of distribution over the plant organs; the roots represented the site of about 42% of the total NO3-reduction in the whole plant. In contrast, acidification coupled to reduction of extracellular ferricyanide by Fe-deficient plants resulted in a drastic decrease of root NRA, while the enzyme activity in the leaves was hardly affected. Consequently, the roots of such plants accounted for not more than 19% of the whole-plant NO3-reduction.
Method b. The relative concentrations of NO3-and organic N in the xylem exudates confirmed the above observations with respect to the relative contribution of roots and shoots to the reduction of absorbed NO3- (Table III) . According to these data, the roots of Fe-sufficient plants represented the site of about 24% of the total NO3-reduction in the whole plant. In Fe-deficient plants the roots accounted for about 37% of the total NO3-reduction, the higher enzyme activity in the roots being clearly reflected in increased organic N concentrations in the xylem sap. This relative contribution did not change significantly during external acidification induced by Zn2+ + Mn2+ supply. The relative organic N content in the xylem sap from Fe-deficient plants decreased drastically upon addition of ferricyanide. Roots of such plants contributed only about 22% to the total NO3--reducing capacity.
DISCUSSION
Balanced and Unbalanced eI/H+ Effiux. Evidence is accumulating that two distinct trans-plasma membrane electron transfer systems may operate in roots of dicotyledonous and nongrass monocotyledonous plants: (a) a constitutive or standard system, only active with ferricyanide, and (b) an inducible or 'turbo' (3) system, operative under the control of the plant's Fe status and active with ferricyanide and a variety of ferric chelates (3, 9) . The constitutive electron transfer system is thought to be present in all plant cells (3, 4, 10, 21, 31) , including the grasses (14, 26, 27) , and Fe-sufficient plants are accordingly able to reduce extracellular ferricyanide (31) . In the present experiments, Fe-sufficient plants reduced ferricyanide at a rate of about 3.7 Amol h-I g FW-1, corresponding to an electron export over the 6-h (Table I) . Under these conditions, both the constitutive and the inducible reductase systems are supposed to be active. Careful titration experiments by Sijmons et al. (31) revealed that from bean roots a net H + extrusion occurred at a rate of 1 H + per 2 ferricyanide reduced. In the present experiments, the amount of acid needed by titration to lower the pH in 200 ml medium from 5.6 (untreated plants) to 4.2 (Table I ) was 29 Amol. This acidification coincided with a ferric reductase activity of 7.5 ,umol h ' g FW-', corresponding to a total electron efflux over the 6-h experimental period of about 62 ,umol plant -l. Thus, the joint activity of both reductase systems in bean roots can be characterized by a e-I H+ efflux ratio of about 2. From the above considerations, it can be deduced that from both Fe-sufficient and Fe-deficient plants a reductase-coupled H + efflux of about 30 ,umol plant-I had occurred over the 6-h experimental period. This indicates that in the inducible ferric reductase system no proton efflux is involved, while in the constitutive system electrons and protons are equally effluxed.
The proton extrusion that is evoked by extracellular ferricyanide supply is distinctly different from the proton release during the so-called acidification cycles of Fe-deficient plants (8) via a H+-pumping ATPase (25) . In bean roots, this activity can be elicited by addition of low concentrations of Zn2+ + Mn2+ after a short period of withholding these ions (12; Table I ). This process is characterized by an e-/H+ efflux ratio of 0.
Consequences of e -/H + Efflux for Maintenance of Intracellular pH and Electroneutrality. Iron-sufficient and Fe-deficient bean plants thus offer the possibility of studying rapid charge transfer across the plasma membrane: (a) Fe-deficient plants excreting protons without electron export, e-/H+ = 0; (b) Fe-sufficient plants reducing ferricyanide, e-/H+ = 1; (c) Fe-deficient plants reducing ferricyanide, e-/H+ = 2.
Case a. Unbalanced proton extrusion leads to increased formation of organic acid anions, i.e. citrate and malate, in the roots (12, 19, 20) through the operation of the first half of the biochemical pH stat (11) . The citrate and malate produced was partly retained in the roots (Table I ), but the bulk was exported via the xylem (Table II) to the leaves (Table I ). The process is charge-balanced by extra incoming cations (34). Case b. Balanced electron and proton export had no consequence for citrate and malate levels in the roots (Table I ) and the xylem (Table II) (Table I) gradient across the plasma membrane is initially generated. Cytosolic acidification initiates the second half of the biochemical pH stat (11) leading to oxidative decarboxylation of protonated organic acid anions (ultimately to CO2 and H20). The measured decrease in citrate and malate levels in the roots (Table I) , which was not due to export via the xylem (Table II) , strongly suggests the operation of this mechanism. Cations, which had been balancing the organic acid anions before breakdown, are concomitantly excreted (21, 31 (Table II) . Xylem transport of organic acid anions may, as well, compensate for lacking NO3 charge resulting from enhanced NO3-reduction in the roots, which has the same shortterm effect on deposition of NO3-in the xylem as has limited NO3 supply. We found indeed that enhanced xylem transport of citrate and malate (Table II) coincided with higher NRA in the roots of Fe-deficient plants compared to Fe-sufficient plants (Table III) . However, untreated Fe-deficient plants also showed a high root reduction of NO3-but without concomitant longdistance transport of organic acid anions. Thus, the appearance of organic acid anions in the xylem during an acidification cycle is not due to an increase in NO3-reduction. Mengel et al. (23) postulated that NRA in roots is stimulated by the synthesized organic acid anions rather than by NO3-itself.
Our results are in accordance with this postulate since, in roots, NRA was correlated with citrate and malate levels in the tissue. High levels of carboxylates (e -/H + < 1) accompanied high NRA; low levels (e-/H+ 3 1) coincided with the lower NRA values (Tables I and III) . At first sight, the observation that, in leaves of Fe-deficient plants, NRA was stimulated during unbalanced proton excretion (Table III) that did not change the organic acid levels in the leaves (Table I) is not explained by Mengel's postulate. However, there was a strong export of organic acid anions from the roots to the leaves (Table II) . Thus, increased NRA was in this case coupled to increased import, not level, of organic acid anions. The imported carboxylates, when entering the cell, have to pass through the cytosol before entering the vacuole. If the cytosolic concentration of organic acids is the influencing factor in NO3-reduction, import of organic acids may lead to a significant increase in NRA, also when the quantities involved are insignificant in comparison with those in the vacuoles. In conclusion, our findings fully support Mengel's postulate. 
